Introduction {#s1}
============

The mediation of cognitive and perceptual processes by terms of synchronization of neuronal oscillations in the gamma-band frequency range (above 40 Hz) is supposed to be a fundamental process in brain function and communication.^[@CIT0001]^ Thus, abnormalities of the synchronization of gamma oscillations are thought to cause disturbances with respect to the coordination of processes involving multiple brain areas.^[@CIT0006]^ Schizophrenia is hypothesized to result from a disrupted structural and functional connectivity within the brain.^[@CIT0007]^ Hence, abnormalities of oscillatory gamma activity may reflect a core pathophysiological mechanism underlying cognitive disturbances and other symptoms of schizophrenia.^[@CIT0010]^ This is further supported by evidence of the crucial role of a microcircuit involving parvalbumin-positive GABAergic interneurons and glutamatergic pyramidal cells for the generation of gamma oscillations,^[@CIT0011],[@CIT0012]^ which is disrupted in patients with schizophrenia and in pharmacological or genetic models of the illness.^[@CIT0013]^ Accordingly, several studies using electroencephalography (EEG) and magnetoencephalography (MEG) reported alterations of gamma-band oscillations in schizophrenia both with regard to deficits in sensory processing^[@CIT0016]^ and cognitive functions.^[@CIT0025]^

The early auditory evoked gamma-band response (aeGBR, 25--100 msec upon the presentation of an auditory stimulus^[@CIT0032]^) has been shown to be influenced by attentional processes^[@CIT0033]^ and task difficulty.^[@CIT0036],[@CIT0037]^ It is reduced across all stages of schizophrenia: first-episode,^[@CIT0038],[@CIT0039]^ chronic patients,^[@CIT0029],[@CIT0040]^ and symptom-free first-degree relatives of patients.^[@CIT0041],[@CIT0042]^ Therefore and in reference to the association with the biologically plausible mechanism of a disrupted microcircuit involving interneurons and pyramidal cells, the reduced aeGBR has been suggested as a putative endophenotype^[@CIT0043]^ for schizophrenia.^[@CIT0041],[@CIT0044]^ Recently, Perez and colleagues^[@CIT0045]^ reported that an aeGBR power reduction is already present during the prodromal phase of the disease in individuals at clinical high risk for psychosis (HRP). Accordingly, alterations of the aeGBR might represent a promising biomarker for the identification of HRP subjects with an increased risk of conversion to schizophrenia.

Besides the origin of the aeGBR in the primary auditory cortex^[@CIT0032]^ both EEG-based source localization^[@CIT0037],[@CIT0040]^ and single trial coupling of EEG and functional magnetic resonance imaging (fMRI)^[@CIT0046]^ revealed an additional aeGBR generator in the medial prefrontal cortex and the dorsal anterior cingulate cortex (dACC) during a cognitively demanding auditory choice reaction task. Patients with schizophrenia exhibited a reduced activity in the auditory cortex and the dACC/medial frontal gyrus region underlying the reduced gamma activity measured on the scalp.^[@CIT0040]^ The present study aimed to elucidate alterations of this network mediated by gamma oscillations in the high-risk state of schizophrenia by means of EEG-informed fMRI in order to further characterize a candidate biomarker for the prediction of transition to psychosis. We hypothesized that the activation of a gamma-mediated frontotemporal network during the performance of a cognitively demanding auditory reaction task would be reduced in individuals at HRP.

Methods and Materials {#s2}
=====================

Ethics Statement {#s3}
----------------

The present study was part of a larger project investigating resting-state and task-related brain connectivity in schizophrenia by means of EEG, MEG, and simultaneous EEG-fMRI, within the context of the Collaborative Research Centre 936 ("multi-site communication in the brain," [www.sfb936.net](www.sfb936.net)). The study was approved by the Ethics Committee of the Medical Association Hamburg and carried out in accordance with the seventh revision of the Declaration of Helsinki (2013). Written informed consent was obtained from all participants after the aim of the study and the nature of the procedures had been fully explained.

Participants {#s4}
------------

27 HRP individuals and 26 healthy controls (HC) were included in the study. For details on the recruitment please see the [supplementary material](http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv092/-/DC1). Exclusion criteria for all participants were current substance abuse or dependence, and presence of major somatic or neurological disorders. For HC, additional exclusion criteria were any previous psychiatric disorder or treatment, and a family history of psychotic disorders. The presence of inclusion/exclusion criteria was assessed by means of a semi-structured interview conducted by a clinical psychiatrist or psychiatric trainee with at least 4 years of clinical experience. Three HRP individuals (error rates bigger than 33% of the target trials) and 2 HC (anatomical abnormality and poor EEG data quality respectively) were excluded from further analysis resulting in 24 participants per group.

The high-risk state was defined according to criteria of the Early Detection and Intervention program of the German Research Network on Schizophrenia (GNRS;^[@CIT0047]^) detailed in the [supplementary material](http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv092/-/DC1). According to the GNRS criteria previous studies have differentiated between an early (E-HRP) and a late HRP (L-HRP).^[@CIT0048]^ In the present study, the majority of HRP participants met criteria for the L-HRP (*n* = 17).

The Mini International Neuropsychiatric Interview^[@CIT0049]^ was used in HRP individuals in order to rule out a diagnosis of schizophrenia spectrum disorder and to document comorbid psychiatric diagnoses (mood disorder *n* = 11; anxiety/obsessive-compulsive disorder *n* = 6; substance related disorders *n* = 6 \[all subjects currently abstinent\]; and personality disorders *n* = 1; for more details please see [supplementary material](http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv092/-/DC1)). HRP subjects were additionally assessed with the Scale of Prodromal Symptoms (SOPS^[@CIT0050]^; rater training detailed in [supplementary material](http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv092/-/DC1)), whereby 3 subscores for negative/disorganization, depressive/stress and positive symptoms were created according to a recent factor analysis of the scale^[@CIT0051]^ (data not available for 3 HRP subjects).

The groups were matched with respect to age, sex, and educational level. All subjects had hearing better than 30 db at a pitch of 1000 Hz. Five out of 24 HRP individuals were receiving 1 or 2 atypical antipsychotics at the time of participation in the study (aripiprazole \[*n* = 2; mean dosage per day: 3.75 mg\], olanzapine \[*n* = 2; 3.75 mg\], and quetiapine \[*n* = 3; 175 mg\]). Moreover, 4 HRP subjects were currently in treatment with antidepressants. No subjects were receiving mood stabilizers, benzodiazepines, or anticholinergic agents. Demographic characteristics of the groups, and clinical characteristics of HRP participants, are presented on [table 1](#T1){ref-type="table"}.

###### 

Clinical and Demographic Characteristics of the 2 Participant Groups

                              Healthy Controls   High-Risk Subjects   *T*/χ^2^   *P*             
  --------------------------- ------------------ -------------------- ---------- -------- ------ ------
  Gender (m/f)                11/13              13/11                0.33       0.56            
                              Mean               (*SD*)               Mean       (*SD*)          
  Age                         23.0               3.7                  21.5       3.6      1.47   0.15
  SOPS scores                                                                                    
   Negative/disorganization                      6.5                  6.2                        
   Depressive/stress          4.1                3.2                                             
   Positive                   5.1                3.8                                             

*Note*: SOPS, Scale of Prodromal Symptoms.

Paradigm {#s5}
--------

We used an auditory reaction task^[@CIT0052]^ that had been earlier shown to increase the aeGBR amplitude^[@CIT0037]^ and the aeGBR-specific blood-oxygen-level dependent (BOLD) response within the ACC and the auditory cortex.^[@CIT0046]^ During the experiment 300 tones of 3 different pitches (33% 700 Hz, 33% 1000 Hz, and 33% 1300 Hz; duration: 200ms, generated using the Presentation software version 17 installed on a personal computer which was placed outside the shielded MR room) were presented with pseudo-randomized interstimulus intervals (ISI: 2.5--7.5 s; mean 3.8 s) via MRI-compatible electrostatic headphones (MR confon). Tones at a pitch of 700 Hz and 1300 Hz had to be responded to as fast and accurately as possible per button-press with the left or the right index finger, respectively (target stimuli). Reaction times and error rates (number of incorrect responses or missing responses within 2000ms after target stimulus presentation divided by the number of presented target stimuli) were registered during the experimental run.

fMRI Parameters and Analysis {#s6}
----------------------------

Imaging was performed on a 3-T MR scanner (Siemens Magnetom Trio) equipped with a 12 channel head coil using a standard gradient echo-planar imaging T2\*-sensitive sequence for functional BOLD imaging. Twenty-four slices covering the whole brain (456 volumes; TR = 2.5 s; TA = 1.4 s; TE = 30ms; FOV = 216/216mm; matrix = 72×72; interleaved slice acquisition; slice thickness = 4mm; interslice gap = 1mm; resulting pixel size = 3×3mm) were acquired in the same position as a 3-dimensional MPRAGE data set (T1-weighted). We used this "sparse sampling design" with EEG acquisition interleaved with MR image acquisition^[@CIT0046],[@CIT0053]^ and MR-acquisition-free periods of 1.1 s in order to avoid disturbances of gradient artifacts concerning our EEG signal of interest and disturbances of our auditory stimuli with the scanner noise. During the acquisition of fMRI data the vacuum pump of the MRI scanner was switched off in order to avoid EEG artifacts within the gamma-band frequency range.

The postprocessing of fMRI data was conducted using the BrainVoyager QX software package (version 2.8, Rainer Goebel). Motion correction (trilinear/sinc interpolation) and data smoothing (temporal high-pass GLM-Fourier filter) including linear trend removal was applied before alignment of the functional data with the 3-dimensional anatomical volumes, transformation into the Talairach space, and interpolation to a resolution of 3×3 × 3mm. For the statistical analysis, regression coefficients were estimated based on a general linear model (GLM). The multiple regression analysis was performed on the 3-dimensional functional volume time courses (1 for each subject). The design matrix for the fMRI analysis (without adding EEG information) contained modeled BOLD response functions corresponding to each of the 3 stimulus events convolved with a canonical hemodynamic response function (2 Gamma HRF) which resulted in 3 different regressors. The mean contrast images of target tones vs baseline are presented at a significance level of *P* \< .001 (random effects analysis, corrected for multiple comparisons across the whole brain using Bonferroni correction).

EEG Acquisition {#s7}
---------------

EEG recordings took place within the MRI scanner during acquisition of fMRI data. Subjects were lying on their back and were asked to keep the eyes open and look at a fixation cross projected to a mirror mounted on the head coil. We used 2 EEG amplifiers specifically developed for operation in the MRI scanner environment and particularly avoiding saturation by magnetic activity (BrainAmp MRplus; Brain Products). The EEG recording was performed in alternating current mode with 62 active EEG electrodes (sintered silver and silver-chlorid) mounted on an elastic cap (BrainCapMR 64, Brain Products) using the BrainVision Recorder software (Version 1.10, Brain Products). Electrodes were arranged according to a modified 10/10 system (reference electrode: FCz; ground: AFz). The electrode skin impedance was kept below 10 kΩ. Data were collected with a sampling rate of 5000 Hz and an analogous band-pass filter (0.1--250 Hz). The amplitude resolution was set to 0.1 µV in order to be able to measure low amplitude gamma oscillations.

EEG Preprocessing {#s8}
-----------------

The EEG data analysis was carried out using Brain Vision Analyzer (BVA) Version 2.0 (Brain Products). Offline, the continuous EEG data were segmented into gradient artifact free epochs (MR-acquisition-free periods of 1.1 s), filtered using a band-pass (30--100 Hz, Butterworth Zero Phase Filter, slope 48 db/oct) and a notch filter (50 Hz), resampled to a sampling rate of 1000 Hz and re-referenced to common average reference. Due to our "sparse sampling approach" the EEG timeframe of interest including the aeGBR to the target stimuli was not affected by gradient artifacts. Ballistocardiogram (BCG) artifacts have a frequency spectrum at around 3--15 Hz,^[@CIT0056]^ therefore not affecting the frequency range of interest for the present study. This issue has explicitly been investigated in our previous study on the aeGBR-specific BOLD response.^[@CIT0046]^ Hence, no gradient artifact or BCG artifact correction was performed.

Next, we identified the subjects' individual peak frequencies of the aeGBR (method described in [supplementary material](http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv092/-/DC1)). This information was used in an independent component analysis (ICA) based approach in order to identify the aeGBR power information on single trial level. ICA (Algorithm: Infomax \[Gradient\] extended biased, calculating components corresponding to an eigenvalue \>0.05) was performed on appended single trial epochs with a length of 500ms starting 250ms prior to the target stimuli (number of calculated components: HRP 61.3 \[*SD*: 0.9\], HC 61.3 \[*SD*: 1.3\]; no significant difference). After baseline correction (baseline: 250ms prior to the stimulus) and averaging of the resulting components over trials for every subject a continuous wavelet transformation with a complex Morlet wavelet (real values \[µV^2^\], 10 frequency layers distributed on a logarithmic scale, Morlet parameter *c* = 5, Gabor Normalization) for the frequency range from 30 to 50 Hz was performed. Components including the aeGBR information were identified by showing a 3 times higher gamma power peak value within the timeframe 30--120ms after stimulus presentation compared with the gamma power peak value within a baseline of 100ms before stimulus presentation in the subjects' individual peak frequency layer. Only the components carrying the aeGBR information were back-projected to the sensor space (number of aeGBR carrying components: HRP 11.4 \[*SD*: 5.9\], HC 10.2 \[*SD*: 4.4\]; no significant difference). On sensor single trial level, a baseline correction (baseline: 100ms prior to the stimulus) was performed followed by a transformation with a complex Morlet wavelet (parameters see above) for the frequency range from 30 to 50 Hz. The single trial aeGBR power peak amplitudes were defined as the highest value of the identified peak frequency layer within the timeframe 30--100ms after stimulus presentation at the electrode Cz. In order to be able to compare the aeGBR to targets with the aeGBR to nontargets the analysis outlined above was repeated for nontargets starting with the ICA on appended single trial nontarget epochs. The aeGBR single trial time series including 1 aeGBR power value for every target stimulus were forwarded to the EEG-informed fMRI analysis. AeGBR values exceeding the mean amplitude value of a single trial time series by more than 1.4 standard deviations were considered as artifacts and set to the individual mean value.

In order to investigate group differences with respect to the aeGBR the wavelet transformation was also applied to averaged target and nontarget trials, respectively. Using these averages the aeGBR power peaks were parametrized as the highest value of the peak frequency layer within the timeframe 30--100ms after stimulus presentation at the electrode Cz. Methods with respect to the calculation of the aeGBR phase locking factor (PLF) are detailed in the [supplementary material](http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv092/-/DC1).

EEG-Informed fMRI Analysis {#s9}
--------------------------

The aeGBR time series information was used to calculate regressors for the EEG-informed fMRI GLM analysis. For that purpose, every target stimulus presentation (constant amplitude) of the target stimulus function *X* ~*G*~ was replaced by the aeGBR power value corresponding to the respective target stimulus. This resulted in the function *X* ~aeGBR~ representing the aeGBR power variation over trials. *X* ~*G*~ represented BOLD activation not related to the aeGBR. In order to find fMRI results that are specifically related to the aeGBR power measure and not to some general feature of the target detection process we used Schmidt-Gram orthogonalization as suggested previously^[@CIT0057]^ and applied by our group in several studies.^[@CIT0046],[@CIT0055],[@CIT0058]^ In the present study, *X* ~aeGBR~ was orthogonalized with respect to *X* ~*G*~ removing that part of *X* ~aeGBR~ which was correlated to *X* ~*G*~ (for a detailed description please see^[@CIT0046],[@CIT0055]^).

The design matrix for the EEG-informed fMRI analysis (GLM, performed on the 3-dimensional functional volume time courses, see above) contained 3-modeled BOLD response functions corresponding to *X* ~*G*~, *X*′~aeGBR~, and the nontarget stimulus function each of them convolved with a canonical hemodynamic response function (2 Gamma HRF). An event-related analysis was then performed for each subject revealing the contrast between aeGBR-specific BOLD response and baseline volumes (first level analysis). The resulting contrast images were entered into a second level group analysis treating intersubject variability as a random effect. Results are presented at a significance level of *P* \< .01 (corrected for multiple comparisons across the whole brain using Bonferroni correction). Labeling of anatomical regions was based on the Talairach Daemon (<http://www.talairach.org/daemon.html>).

Five regions of interest (ROI) were selected in regions showing significantly lower aeGBR-specific activity in HRP subjects compared with HC and based on previous knowledge on the localization of aeGBR generators^[@CIT0037],[@CIT0040],[@CIT0046],[@CIT0061]^: left and right auditory cortex, dACC and left and right dorsolateral prefrontal cortex (DLPFC; methods detailed in [supplementary material](http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv092/-/DC1)).

Statistical Analyses {#s10}
--------------------

All statistical analyses were performed using the SPSS software package (21.0). For the comparison of the 2 groups on educational level and gender differences, the chi-square test was used. In order to check for significant group differences with respect to reaction times, error rates and age 2-sided *t* tests for independent samples were used. AeGBR power amplitude and PLF differences were tested for group differences using a 1-sided *t* test following the hypothesis of an aeGBR power and PLF reduction in schizophrenia which is based on several previous reports.^[@CIT0039],[@CIT0045]^ Correlational analyses were conducted using Spearman's rho. Further statistical subanalyses are detailed in the [supplementary material](http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv092/-/DC1).

Results {#s11}
=======

HRP subjects (693ms, *SD* 125) showed significantly longer reaction times compared with HC (625ms, *SD* 97; *T*\[*df* = 46\] = 2.1, *P* = .04). This was also true for the 17 L-HRP subjects (716ms, *SD* 133) compared with HC (*T*\[*df* = 39\] = 2.5, *P* = .02). Moreover, we found higher error rates in HRP subjects (8.0 %) compared with HC (6.5 %), although this difference failed to get significant. Reaction times (rho = 0.449, *P* = .04) and error rates (rho = 0.586, *P* = .005) showed a significant positive correlation with the severity of negative symptoms in the HRP group (not with other SOPS subscores).

Both the analysis conducted to indentify the subjects' individual peak frequencies of the aeGBR (see [supplementary figure 1](http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv092/-/DC1)) and our ICA based approach for the identification of the aeGBR power information on the single trial level (see [figure 1](#F1){ref-type="fig"}) revealed an increase of evoked gamma activity (electrode Cz) around a frequency of 40 Hz and about 50ms after target stimulus presentation in both groups. Moreover, in both analyses the HRP group showed a smaller aeGBR to target stimuli compared with HC (see [figure 1](#F1){ref-type="fig"} and [supplementary figure 1](http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv092/-/DC1)) and the detection of aeGBR power peaks revealed significant lower values in HRP subjects (0.012 µV^2^, *SD*: 0.024) compared with the HC (0.043 µV^2^, *SD*: 0.085; *T*\[*df* = 46\] = 1.72, *P* = .047). The subgroup of L-HRP subjects also showed diminished aeGBR power amplitudes (0.015 µV^2^, *SD*: 0.028) compared with HC. However, this difference was not significant, probably due to the smaller sample size. The HRP group showed a statistical trend towards reduced PLF values (HRP: 0.25 \[*SD* 0.13\]; HC: 0.31 \[*SD* 0.17\]; *T*\[*df* = 46\] = 1.35, *P* = .092). There was no significant difference between groups with respect to the latency of the target aeGBR peaks at Cz (mean latencies: HRP: 55.9ms \[*SD*: 22.7\], HC: 55.9ms \[*SD*: 21.4\]) or with respect to the aeGBR to nontargets (HRP: 0.022 µV^2^ \[*SD*: 0.041\], HC: 0.030 \[*SD*: 0.100\]). The statistical comparison of target and nontarget trials revealed no significant effect of the factor target vs nontarget (*F* = 0.01, *P* = .91) and no significant interaction of this factor with group membership (*F* = 1.0, *P* = .32). Neither reaction time nor error rate was significantly associated with aeGBR responses for the whole participant group as well as for each of the participant groups separately. This was also true for a trial specific analysis on the within subject level. Moreover, there was no significant correlation between aeGBR power and the severity of symptoms (3 SOPS subscores) in the HRP group.

![Auditory evoked gamma-band response (aeGBR) power (a) and phase locking factor (b): group averages for healthy controls (HC) and subjects at clinical high risk for psychosis (HRP) for epochs from 100ms prior to target stimulus presentation to 200ms poststimulus and a frequency range from 30 to 50 Hz. An increase of aeGBR power and phase locking can be observed at about 50ms after stimulus presentation (black line). For the purpose of visualization of the aeGBR results the wavelet transformation was recalculated using 100 frequency layers.](schbul_sbv092_f0001){#F1}

The conventional fMRI analysis for the HC group revealed activations of the bilateral auditory cortices, the medial frontal lobe including supplementary motor cortex and ACC, the DLPFC, the thalamus and other regions such as sensorimotor cortex, occipital cortex, precuneus, insula and cerebellum (see [figure 2a](#F2){ref-type="fig"}). Using the same level of significance HRP subjects showed similar locations of activity except the activations within the DLPFC, the precuneus and the occipital cortex (see [figure 2b](#F2){ref-type="fig"}). However, after Bonferroni correction for multiple comparisons we found no significant group differences.

![Conventional fMRI analysis: BOLD response to target stimuli. (a) healthy controls (Talairach coordinates *x* = 5, *y* = 36, *z* = 13). (b) subjects at clinical high risk for psychosis (Talairach coordinates *x* = 5, *y* = 36, *z* = 10). Random effects analysis, *P* \< .001 (Bonferroni corrected for multiple comparisons). SAG: sagittal; COR: coronary; TRA: transversal; A: anterior; P: posterior; R: right; L: left.](schbul_sbv092_f0002){#F2}

In contrast, the EEG-informed fMRI analysis (aeGBR-specific BOLD signal) revealed a significantly lower activity of a network mediated by gamma oscillations in HRP subjects compared with HC (random effects analysis, *P* \< .01, Bonferroni-corrected, see [figure 3](#F3){ref-type="fig"}). Amongst others, this network involved the bilateral auditory cortices, the thalamus and frontal brain regions including the ACC as well as the bilateral DLPFC (see [table 2](#T2){ref-type="table"}). Within-group results of the EEG-informed fMRI analysis are presented in the [supplementary material](http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv092/-/DC1). Repeating the analysis for comparison of both the subgroup of L-HRP subjects as well as a subgroup of HRP individuals without substance related disorders (*n* = 18) with HC revealed similar results at a lower level of significance. There was no significant correlation between aeGBR-specific activations of the ROIs and the severity of symptoms (3 SOPS subscores) in the HRP group.

###### 

EEG-Informed fMRI Analysis: Brain Regions With Significantly Higher aeGBR-Specific fMRI Activations in HC Compared With HRP Individuals (Second Level Group Contrast, *P* \< .01, Bonferroni Corrected for Multiple Comparisons)

  Region                        Talairach Coordinates   Max *t* Value         
  ----------------------------- ----------------------- --------------- ----- ------
  L anterior cingulate cortex   −4                      25              24    7.39
  L middle frontal gyrus        −41                     40              11    7.15
  L cerebellum                  −22                     −29             −25   7.07
  L lentiform nucleus           −22                     −20             −4    6.90
  R inferior frontal gyrus      47                      8               18    6.44
  L fusiform gyrus              −40                     −50             −15   6.20
  L inferior temporal gyrus     −47                     −56             0     6.14
  L cerebellum                  −30                     −44             −23   6.08
  R precentral gyrus            32                      10              30    6.03
  L superior temporal gyrus     −52                     −17             −2    6.02
  R superior temporal gyrus     38                      4               −15   6.01
  R claustrum                   29                      16              9     5.94
  L superior frontal gyrus      −10                     40              45    5.84
  R superior temporal gyrus     53                      −23             9     5.72
  Brainstem (pons)              −1                      −20             −34   5.66
  L cingulate gyrus             −13                     −2              39    5.65
  L middle frontal gyrus        −40                     49              18    5.63
  L cingulate gyrus             −1                      31              27    5.62
  L medial frontal gyrus        −10                     34              40    5.60

*Note*: EEG, electroencephalography; fMRI, functional magnetic resonance imaging; HC, healthy controls; HRP, high-risk for psychosis; L, left; R, right.

![EEG-informed fMRI analysis: aeGBR-specific BOLD response to target stimuli revealed by single-trial coupling of aeGBR power variation and corresponding BOLD response. Second level group contrast revealing brain regions with significantly higher aeGBR-specific fMRI activations in HC compared with HRP individuals. Random effects analysis, *P* \< .01, Bonferroni corrected for multiple comparisons. Results are displayed in slices at Talairach coordinates *x* = −3, *y* = −16 and *z* = 10 (a) as well as in a glass brain view (b). In the latter, significant group differences are visible within the left and right DLPFC (red circles), the ACC (green), the left and right auditory cortex (yellow) and the thalamus (brown). SAG: sagittal; COR: coronary; TRA: transversal; A: anterior; P: posterior; R: right; L: left.](schbul_sbv092_f0003){#F3}

Discussion {#s12}
==========

The present study used an auditory reaction task in order to investigate alterations of the aeGBR-specific BOLD response to task relevant auditory stimulation in HRP individuals by means of EEG-informed fMRI. For the first time we report a reduced activation of a gamma-band specific network involving thalamus, auditory cortices, and frontal regions such as the ACC and the DLPFC in the high-risk state of psychosis brought forward by means of simultaneously recorded EEG and fMRI. HRP subjects showed a significantly diminished aeGBR compared with HC and significantly increased reaction times. Interestingly, the conventional fMRI analysis did not reveal significant differences between groups after Bonferroni correction for multiple comparisons. In contrast, the single trial coupling of aeGBR power peaks and the corresponding BOLD response revealed very robust group differences using Bonferroni correction and treating the inter-subject variability as a random effect.

Our results are in line with several studies reporting a relationship between cognitive functions (such as attention) and evoked gamma-band oscillations.^[@CIT0031],[@CIT0035],[@CIT0062]^ The HRP subjects investigated in our study are characterized by an increased risk of up to 30% for developing a psychotic disorder within 3 years.^[@CIT0063]^ Though, the extent of the fraction of our HRP subjects converting to schizophrenia is unknown. However, because the high-risk state for psychosis reflects the clinical risk for conversion to psychotic disorders including schizophrenia, the findings of our study correspond to a large body of publications reporting alterations of gamma-band oscillations in schizophrenia (for review see^[@CIT0014]^).Especially, the aeGBR, which is also known to be affected by cognitive processes,^[@CIT0034],[@CIT0036],[@CIT0037]^ has been shown to be disturbed in schizophrenia.^[@CIT0040]^ Correspondent findings across all stages of the disease (see introduction) including symptom-free first-degree-relatives^[@CIT0041],[@CIT0042]^ and subjects at high risk for psychosis^[@CIT0045]^ and a study of Hall and colleagues^[@CIT0044]^ demonstrating that both aeGBR power and phase locking are heritable traits suggest this biomarker as a putative endophenotype of the disease according to the criteria for the identification of an endophenotype defined by.^[@CIT0064]^ This is further supported by the fact that the reduction of the aeGBR in schizophrenia matches the pathophysiological hypothesis of a disturbed neural microcircuit involving cortical glutamatergic pyramidal cells and inhibitory GABAergic parvalbumin-positive interneurons (PPI) in schizophrenia,^[@CIT0015],[@CIT0065]^ which is also known to be critically involved in the generation of gamma oscillations.^[@CIT0012]^ In line with this, there are different reports on alterations of the GABAergic inhibitory system in schizophrenic patients which are mainly restricted to fast-spiking PPIs.^[@CIT0066],[@CIT0067]^ In this context our result of a diminished aeGBR-specific BOLD response in the ACC matches the finding of postmortem studies pointing to PPI abnormalities in the ACC in patients with schizophrenia^[@CIT0068],[@CIT0069]^ and a report on a correlation between a significantly reduced GBR to a conditioned tone with a decreased density of PPIs in the medial prefrontal cortex in an animal model of schizophrenia.^[@CIT0070]^ Our finding of a reduced aeGBR-specific activation of the DLPFC is consistent with deficits of the GABAergic and glutamatergic neurotransmission in the DLPFC in schizophrenia.^[@CIT0071],[@CIT0072]^

Compared with conventional fMRI analyses EEG-informed fMRI adds the important information of the specific neuronal oscillatory mode involved in the functional relationships between brain regions.^[@CIT0073]^ Notably, correlations between oscillatory EEG phenomena and BOLD signal are especially high in the gamma-band frequency range.^[@CIT0074]^ Thus, with respect to the present study, aeGBR-informed fMRI could be closer related to the crucial pathophysiological mechanism separating HRP subjects and HC. This might be reflected by our observation of a superior separation between groups using EEG-informed fMRI compared with the conventional fMRI analysis.

The results of our aeGBR-specific fMRI analysis are in line with previous findings in healthy subjects using a similar study design^[@CIT0046]^ and with the EEG-based localization of aeGBR generators in the bilateral auditory cortices and the medial prefrontal cortex including the dorsal ACC.^[@CIT0037]^ These aeGBR generators have been shown to be less active in schizophrenia patients.^[@CIT0040]^ Because gamma-band oscillations are assumed to be important for the functional coupling of brain regions^[@CIT0004]^ even over long distances,^[@CIT0079]^ the network showing reduced activity in HRP subjects in the present study could be considered as coupled by means of gamma synchronisation as the aeGBR is phase locked to the stimulus. Deficits of the ACC and the DLPFC have consistently been reported in schizophrenia.^[@CIT0052],[@CIT0080]^ Both regions are known to be involved in processing of higher order cognitive processes.^[@CIT0084],[@CIT0085]^ Accordingly, our data suggest a disturbed gamma-mediated functional interaction between higher order frontal brain regions and auditory cortices during attention demanding auditory information processing in HRP individuals. Because the aeGBR has been described earlier to be generated in the auditory cortex^[@CIT0032],[@CIT0086]^ as a result of thalamo-cortical interactions,^[@CIT0087]^ our finding of an aeGBR-specific thalamus activation (in line with a previous observation^[@CIT0046]^) could be interpreted as a strong functional coupling of the network via thalamus, which is disturbed in the high-risk state of psychosis. In fact, the thalamus is generally known to play a crucial role for the generation of cortical brain rhythms.^[@CIT0088],[@CIT0089]^ Stimulation of thalamic nuclei in animals was associated with evoked gamma-band oscillations in the auditory cortex.^[@CIT0090]^

The E-HRP and the L-HRP defined in accordance with GNRS criteria^[@CIT0048]^ have been shown to be characterized by different neurophysiological,^[@CIT0091]^ neurocognitive,^[@CIT0092]^ and neuroanatomical^[@CIT0093]^ changes and it has been suggested that changes encountered in the early high-risk state represent a stable trait indicating increased susceptibility for psychosis, whereas those encountered in the L-HRP might be more closely associated with the impending emergence of psychotic symptoms.^[@CIT0091],[@CIT0093]^ Thus, the inclusion of subjects of both high-risk states may delimitate the significance of our results. However, in the present study the majority of participants met criteria for the L-HRP and repeating our analysis for the L-HRP fraction of the HRP group did not substantially change our results.

Other limitations, inherent in high-risk studies, consist in the influence of local recruitment criteria (eg, the time of inclusion^[@CIT0094]^), in the conversion rates^[@CIT0063]^ and in the high comorbidity rates, especially for mood, anxiety, substance use and Axis II disorders. These limitations are usually encountered in high-risk samples^[@CIT0095]^ and reflected in the present high-risk sample as well. In the present study, there were no significant correlations of neurophysiological findings with the depression (depression/anxiety) factor of the SOPS. Moreover, repeating our analysis for the fraction of HRP subjects without substance related disorders did not substantially change our results. However, in order to conclusively exclude the possibility that our findings reflected unspecific symptoms rather than increased susceptibility to psychosis, a direct comparison depending on transition status at follow-up (ie,emergence or not of a psychotic disorder) would be necessary, which, unfortunately, was not possible in the present sample because of a lack of adequate follow-up information. However, the replicated findings of alterations of the aeGBR across all stages of schizophrenia support our assumption to have investigated a biological marker related to schizophrenia in the present study.

In conclusion, our EEG-informed fMRI approach revealed a disturbed aeGBR-specific network involving thalamus, auditory cortices, and frontal regions such as the ACC and the DLPFC in individuals at clinical high risk for psychosis during performance of a cognitively demanding auditory task. The high-risk state for psychosis reflects the clinical risk for conversion to psychotic disorders including schizophrenia and the aeGBR has repeatedly been shown to be altered in patients with schizophrenia. Therefore the results of our study point towards a potential applicability of aeGBR disturbances as a marker for the prediction of transition of HRP subjects to schizophrenia.
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